Abstract-Wave-driven unmanned surface vehicle (WUSV) is a new concept marine robot drived by wave energy and solar energy, very suitable for the observing vast oceans with incomparable endurance. Firstly, the multibody system of WUSV is described based on D-H approach and the velocity and position of each moving part in WUSV are represented. Then, the driving principle is analyzed and the WUSV dynamic model in three dimension is established by lagrangian mechanics. Finally, we perform the motion simulation of WUSV under certain sea conditions. These tasks provide the theoretical foundation for further study on the WUSV motion control and efficiency analysis.
INTRODUCTION
Wave driven unmanned surface vehicle (WUSV), is a great success of the comprehensive application of new ocean energy in ocean engineering, getting driving force and electricity from wave and solar energy respectively. Its concept is put forward firstly by Liquid Robotics Inc [1, 2] , and their Waveglider has achieved a great success in the PacX game from California to Australia, setting a new world record for the longest distance traveled by unmanned ocean vehicle. As a new automous surface platform, WUSV immediately draws many scholars' attention around the world. And the utilization of wave and solar energy in WUSV makes it have excellent endurance and very suitable for large area ocean observation. However, the theory research for WUSV is still very lacking at present, such as the dynamics analysis. The existing ocean robot dynamic model is generally divided into two categories depending on the different driving principle: One is the model of AUV, ROV and USV, driven by propeller, derived or simplified from ship model, and their theoretical re-searches have been very mature [3] ; the other one is the model of underwater glider , driven by buoyancy, established by Leonard and Graver from Princeton University [4] , which has been verified by a large number of experiments. It is obvious that the robot models above are based on a single rigid body for dynamic analysis. But, WUSV is a two-body structure and there is a strong coupling relationship between float body and underwater glider body. So, The previous model cannot be used for reference here and the dynamics model of WUSV should be established in order to meet the demands of WUSV motion control. Zhanfeng Qi et al. from National ocean technology center build three degree dynamic model of wave glider in longitudinal profile based on the Kane's equation, but lacking the computing of the wave force [5] . Andrea Caiti et al. from University of Pisa, tried to present a UWG concept, combining WUSV and underwater glider, and use D-H approach to establish the dynamic model of UWG in longitudinal profile [6] , but the UWG structure is very different from WUSV and its model cannot be applied directly in the WUSV dynamic analysis. This paper uses D-H approach applied in manipulator to describe the relative motion relationship of various moving parts in WUSV, and then establishs its dynamic model in three dimension by Lagrangian mechanics.
II. DRIVING PRINCIPLE
As shown in Fig. 1 , the upper float body of the WUSV rises and falls with the wave action on the ocean surface. When the wave crest arrives, wave lifts float body and float body will pull the underwater glider. As a result, the whole robot will move up and the wing plate rotates downward under the action of hydrodynamic force. When the wave trough arrives, the underwater glider body will move downward due to its own gravity and the wing plate rotate upward under the action of hydrodynamic. Thus it can be seen that the horizontal component of the hydrodynamic of wing plate is always toward the front whether it is rising or falling, which is the driving force. The direction of WUSV is controlled by steering gear system, regardless of the direction of movement of wave. In order to simplify the complexities of modeling WUSV, we make the following assumptions about the vehicle itself and with respect to its environment:
• Float and underwater glider body are coupled rigid bodies with constant masses .
• Cable should be always in tension, and it is not bent under the hydrodynamic drag.
• The distances between cable node and gravity center of float, gravity center of underwater glider are also ignored, because they are both very short compared with the length of cable.
A. D-H Approach
D-H approach is firstly put forward by Denavit and Hartenberg with a 4×4 homogeneous transformation matrice to describe the position and attitude between two adjacent links of manipulator [7] . At present, it has become a general method and widely applied in the field of manipulator dynamics [8, 9] . In order to describe the relative position and attitude relationship of each link, we can fix a coordinate system on it. So, every link can be described by four parameters parallel to each other.
• Translate along the x i-1 a distance of a i-1 to make z i and z i-1 coincident to each other..
• Rotate about the z i an angle i to make x i and x i-1 parallel to each other.
• Translate along the z i a distance of d i to make x i and x i-1 coincident to each other.
So, We can establish the WUSV coordinate reference system based on the D-H approach as shown in Fig. 2 . In order to describe WUSV multibody system, The base reference frame x b y b z b is assumed to be North-East-Down (NED)-like as usual for the standard navigation frame in marine robotics, and x b1 y b1 z b1 is a transitional coordinate system to realize the coordinate system transformation from x b y b z b to x 1 y 1 z 1. According to the definition of D-H, the corresponding D-H parameters for the WUSV are summarized in Table 1 , where d 1 , d 2 and d 3 are the displacements of float in x, y,z direction respectively, 1 and 5 are the course angles of float and underwater glider body respectively, 7 is the attack angle of the water flow relative to the wings, and other angles describe the relative position relationship between the two adjacent links.
And the coordinate transformation matrix from wing coordinate system 9 to inertial frame b can be obtained: 
and for prismatic joint,
The velocity of the mass center of each link can be expressed as:
And velocity mass center relative to the inertial coordinate system:
where, 
C. Kinetic and Potential Energy
Considering the movement stability of WUSV, the underwater glider body can realize translation through the structure design and the quality of balancing. So, we can get the following geometric relationships: In order to calculate energy conveniently, the joint variables can be represented uniformly as:
[ ]
Set translational velocity v ci , angular velocity i of the mass center of link with mass m i in the inertial coordinate system, and inertia tensor Ii relative to the mass center. So we can get this link kinetic energy:
And kinetic energy of WUSV system itself can be written as Considering the WUSV travels in the water, this will cause the water to accelerate and generate the additional mass effect. So, the kinetic energy of the surrounding fluid can be represented as:
where M f is the added mass matrix, I f is the added rotational inertia matrix and C f is the added cross term, and
is the symmetrical added inertia matrix.
Considering the float and underwater glider body's symmetry in the structure, so M f1 and I f are all diagonal matrix.
So, the total kinetic energy of the system should be the sum of WUSV links' kinetic energy and the water's kinetic energy:
where,
Set the level in the inertial coordinate system origin to zero potential energy surface, then the system total potential energy can be written:
where, link 1, link 2, link3 and link4 fixed with coordinate system x 1 y 1 z 1 , x 2 y 2 z 2 , x 3 y 3 z 3 , x 4 y 4 z 4 , x 7 y 7 z 7 are virtual, so 
And lagrange equation can be expressed as:
So, based on the above calculations and analysis, the dynamic model is written in the form of vectors: (12) where, M is the generalized inertia matrix and its each element value are as follows: ( , ) Cis the centrifugal force and coriolis force vector and its each element value are as follows: 
E. Generalized Force
According to the virtual displacement generalized coordinate expression in virtual work principle, 1 1
We can obtain the expression of generalized force , where, F px , F pz are the component force of the underwater glider wing plate in horizontal and vertical direction respectively; D f , D g , D l are the drag force of float, cable, underwater glider body respectively; B f , B l , Bg are the buoyancy force of float, cable, underwater glider body respectively; F sx , F sy , s are the component forces in x and z direction and moment respectively for the steering gear of the underwater glider; F w , w are the wave force and moment of float and these forces calculation can refer to [10, 11] . 
F. Turning Analysis
According to the WUSV experimental data, its motion in horizontal plane has low velocity and large turning radius under the certain wave parameters and rudder angle. In other words, the motion of WUSV is very smooth from the whole long time scale. In order to simplify the complexity, we can assume that the horizontal instantaneous velocity can be approximately replaced by its average speed, which can analyze the steady-state movement characteristics in horizontal plane and estimates its horizontal track radius. And the control equation of 1 can be simplified as 
IV. SIMULATION RESULTS Let WUSV travels in the the secondary sea state. According to the definition of sea state [12] , set wave height H=0.3m and wave period T=3.2s. The masses of float, cable, underwater glider body are m 3 =65kg, m 5 =10kg, m w =0.4kg. Set the length of cable 4.5m, and we can ignore the cable's mass and inertia of moment, m 4 =0, I 4x = I 4y =I 4z =0, because it is very thin and light. The Angle of the steering gear is set to 15 degrees. And the force F pz is assumed to be small relative to the wave force and therefore neglected. The added mass of WUSV in the horizontal and vertical direction are 0.1 times and 2.1 times of its mass [13, 14] . For simplifying the complexities of simulation, we firstiy complete the vertical plane motion simulation, and then obtain the horizontal steady state plane motion characteristics. As driving principle of WUSV, the driving force mainly depends on the float up and down motion, so we ignore pitch motion of float. The dynamic model can be put in the form, then, the simulation results can be obtained using Runge -Kutta method as shown Fig.  3 and Fig. 4 . As shown in Fig. 3 , the average velocity of WUSV in the x direction is about 0.31m/s, the angular velocity of cable relative to vertical varies between -0.082degree/ and 0.086degree/s and the average angular of cable relative to the x direction is about 89.557degree in longitudinal profile. The Fig. 4 shows that the course angle velocity of WUSV varies between 0.19degree/ and 0.26egree/s, the horizontal gyration radius is varies from 69m to 90m, and its horizontal motion trajectory is irregular round.
V. CONCLUSION AND FUTURE WORK
Based on D-H approach, the dynamic model of WUSV in three dimensions is established by lagrangian mechanics in this paper. Then the motion simulation of WUSV is completed by setting the input of certain sea condition, and the simulation results are analyzed. However, the WUSV hydrodynamic calculation, direction control, efficiency optimization and other issues need further study.
